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Selective antegrade cerebral perfusion reduces brain 
injury following deep hypothermic circulatory arrest in 
the piglets’ model by decreasing the levels of protein 
SUMO2/3-ylation
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Abstract: Selective antegrade cerebral perfusion (SACP), which was adopted by many surgical groups for complex 
neonatal cardiac surgery, especially aortic arch repair, is a proven adjunct for neuroprotection during deep hypother-
mic circulatory arrest (DHCA). Several recent studies suggest that SUMO2/3 modification of proteins is markedly 
activated during deep hypothermia and believed to be an endogenous neuroprotective stress response. Here, we 
report that SACP reduces the increasing degree of SUMO2/3 conjugation following DHCA. Piglets were subjected to 
1 h SACP and/or 1 h DHCA. DHCA was sufficient to markedly increase in protein SUMOylation by SUMO2/3 both in 
the hippocampus and cerebral cortex. SACP, especially at flow rate of 50 ml/kg/min, reduces the increasing degree 
of SUMO2/3 conjugation and also reduces levels of pro-apoptotic factors, Bax and Caspase 3, and increases levels 
of antiapoptotic factors, Bcl-2, following DHCA both in the hippocampus and cerebral cortex. This suggests that 
SACP at flow rate of 50 ml/kg/min is more appropriate for neuroprotection during DHCA in the pig model and level 
of protein SUMO2/3-ylation maybe an indicator of the degree of brain injury.
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Introduction

Global cerebral ischemia related to cardiopul-
monary bypass (CPB) and deep hypothermic 
circulatory arrest (DHCA), used in the repair of 
the cardiovascular defects, appears to play an 
important role in the neurologic morbidity [1]. 
Neurologic morbidity afflicts 5-40% of survivals 
and manifests as seizures, altered tone, dimin-
ished cognition, impaired coordination, lan-
guage delays and/or attention deficit hyperac-
tivity disorder. Selective antegrade cerebral 
perfusion (SACP) is thought to minimize isch-
emic brain injury by providing adequate cere-
bral blood flow and proposed to avoid neuro-
logic complications. SACP has advantages of 
less cerebral edema, better clearance of meta-
bolic waste, and lower levels of biomarkers of 

injury, otherwise its capacity for energy preser-
vation, maintenance of cellular integrity, and 
protection against apoptosis was better than 
that of DHCA [2]. Although the protective poten-
tial of SACP is unquestionable, little is known 
about the mechanisms how to maximize its effi-
cacy to protect cerebral injury. Elucidating the 
mechanisms underlying protection of cerebral 
by SACP is of tremendous clinical interest.

Small ubiquitin-like modifier is a group of pro-
teins that act by covalent attachment to lysine 
residues on target proteins [3] and thereby 
modulate various processes that play impor-
tant roles in key cellular functions under normal 
and pathological conditions. The functions 
include maintenance of genome integrity, cell 
signaling, plasma membrane depolarization, 
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signal transduction, proteasomal degradation 
of proteins, transcriptional regulation, nuclear 
transport, protein quality control and DNA-
damage repair [4-9]. Four SUMO proteins have 
been identified which were SUMO1-4. SUMO-4 
is mainly localized in the kidney [10] while the 
other forms in brain. SUMO-2 and SUMO-3 dif-
fer from only four N-terminal amino acids and 
no difference in their functional roles has yet 
been reported [11]. SUMO-2/3 shares about 
50% similar sequence with SUMO-1. In contrast 
to SUMO1, both SUMO2 and SUMO3 contain a 
consensus SUMO conjugation site and can 
form polymeric chains [12], which attach to tar-
get proteins. The ability of SUMO2 and SUMO3 
to form polymeric chains could be the key sig-
nificance in pathological states of the brain.

The process of SUMO conjugation is reversible, 
highly dynamic and involves four different 
classes of enzymes. In the first step, SUMO is 
activated in an ATP-dependent reaction by 
thioester bond formation with the activating 
enzyme E1 (AOS1-UBA2). Next, the SUMO is 
transferred to the E2 conjugation enzyme 
Ubc2. Then Ubc2 transfers SUMO to its target 
protein, which generally facilitated by a diverse 
class of SUMO E3 ligases. Sumo is removed 
from target proteins by isopeptidases known as 
SUMO-specific proteases (SENPs) [13].

A number of recent publications have suggest-
ed that the SUMO conjugation of target pro-
teins plays a role in the cellular response to 
ischemia and is markedly activated in the brain 
during deep to moderate hypothermia. It was 
first shown in hibernating arctic ground squir-
rels that protein sumo-2/3-ylation massively 
increased in the torpor state [14], suggested a 
neuroprotective role of protein SUMOylation to 
make cells of hibernating animals tolerant to 
the otherwise lethally low levels of blood flow 
reduction. The research using a clinically rele-
vant animal model of deep hypothermic cardio-
pulmonary bypass (DHCPB) provided evidence 
that deep hypothermia markedly activates the 
small ubiquitin-like modifier conjugation path-
way and triggered a nuclear translation of 
SUMO2/3-conjugated proteins. Activation of 
the SUMO conjugation pathway is believed to 
protect neurons from damage caused by low 
blood flow [15]. Deep hypothermia induced 
nuclear translocation of the SUMO-conjugating 
enzyme Ubc9, suggesting that the increase in 

nuclear levels of SUMO2/3-conjugated pro-
teins observed in brains of hypothermic ani-
mals is an active process [16]. Levels of 
SUMO2/3-conjugated proteins are massively 
increased after transient cerebral ischemia 
and during deep hypothermia, but are very low 
in the intact brain [14-20]. The post-ischemic 
activation of SUMO2/3 conjugation is believed 
to be an endogenous neuroprotective stress 
response [21].

Whether SACP is associated with a change of 
protein SUMO2/3-ylation has never been inves-
tigated before. We show here that DHCA was 
sufficient to markedly increase in protein 
SUMOylation by SUMO2/3. SACP, especially at 
flow rate of 50 ml/kg/min, reduces the increas-
ing degree of SUMO2/3 conjugation. Moreover, 
SACP, especially flow rate at 50ml/kg/min, pro-
vides significant neuroprotection from cellular 
apoptosis, as indicated by lower expression of 
Bax and Caspase-3. This implies that level of 
protein SUMO2/3-ylation maybe an indicator of 
the degree of brain injury.

Materials and methods

Animal experiments

The project was approved by the Animal Care 
and Use Committee of Beijing Anzhen Hospital, 
Capital Medical University. All animals received 
humane care in compliance with the “Guide for 
the Care and Use of Laboratory Animals” pub-
lished by the National Institute of Health (NIH 
Publication No. 88.23, revised 1996).

Twenty-two healthy piglets, about 4 weeks of 
age of either gender, weighing approximately 
10 kg, were randomly divided into four groups: 
Control group (n = 4), anaesthetized, ventilated 
and intubated but not underwent CPB for 
60min that served as normal control group; 
DHCA group (n = 6), underwent hypothermic cir-
culatory arrest at 18°C for 60 min; SACP 25 
group (n = 6), underwent SACP for 60 min at a 
flow rate of 25 ml/kg/min during DHCA and 
SACP 50 group (n = 6), underwent SACP for 60 
min at a flow rate of 50 ml/kg/min during 
DHCA.

Deep hypothermic circulatory arrest model was 
induced in piglets (Chinese minipigs) as 
described elsewhere [22-24]. The animals were 
fasted overnight but allowed free access to 
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water. The pigs were pre-medicated with intra-
muscular ketamine hydrochloride (15 mg/kg) 
and atropine (0.05 mg/kg) before surgery, and 
anesthesia was induced with a bolus dose of 
propofol (1-2 mg/kg IV) and sufentanil (0.3 μg/
kg IV). Catheters were inserted in an ear vein 
and the left femoral artery for monitoring pur-
poses and withdrawal of blood samples. After 
endotracheal intubation, the animals were ven-
tilated mechanically with 100% oxygen. The 
ventilator rate and the tidal volume were adjust-
ed to maintain normocapnia (Pco2 35 to 45 
mmHg). Arterial oxygen tension was maintained 
at greater than 100 mmHg. Anesthesia was 
maintained with a continuous infusion of pro-
pofol (6 to 8 mg/kg/h) and sufentanil (0.3 μg/
kg/h); muscle relaxation was provided by a con-
tinuous infusion of pancuronium (0.2 mg/
kg/h). Lactated Ringer’s solution (10 ml/kg/h) 
was administered throughout the preparation 
phase.

The circuit was primed with Plasmalyte-A and 
25% albumin. Donor whole blood was added to 
maintain a hematocrit of 25% to 30%. For CPB, 
a median sternotomy was performed. After 
heparinization (450 IU/kg), a 10F arterial and a 
20F venous single stage cannula were inserted 
into the ascending aorta and the right atrium, 
respectively. Using alpha stat blood gas man-
agement, nonpulsatile CPB was initiated at a 
flow rate of 100 ml/kg/min and then adjusted 
to maintain a minimum arterial pressure of 50 
mmHg. All animals were cooled to a nasopha-
ryngeal temperature of 18°C over a 30-minute 
period and then pump flow was shut off fol-
lowed by a 60 min interval of DHCA at 18°C, or 
SACP with the specified flow rate at 18°C, 
respectively. For SACP, both ascending and 
descending aorta were cross-clamped proximal 
and distal to the aortic cannula. Isolated perfu-
sion of the brain was then established via the 
bicarotid trunk at either 25 or 50 ml/kg/min 

according to the same protocol as described 
for global CPB. After 90 min, the aortic clamp 
was removed and global CPB was reconstituted 
at a flow rate of 100 ml/kg/min with warming to 
a brain temperature of 36°C over 30 min. 
Internal defibrillation was performed. During 
weaning from CPB, inotropic support and con-
trol of vascular resistance was performed if 
necessary. At 37°C, CPB was discontinued. 
After finishing the experimental protocol, the 

animals were euthanized with an overdose of 
potassium chloride. Brains were quickly 
removed, the hippocampus and cortex dissect-
ed out, and samples were immediately frozen 
and stored at -80 C until being used for 
analyses.

Sample preparation and western blotting 
analysis

Frozen brain regions were crushed on dry ice to 
make powder, added to 50 mM Tris HCl (pH 
7.4), 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% 
Triton X-100, 1% mammalian protease inhibitor 
and 20 mM NEM, and homogenized on ice [18]. 
The homogenates were sonicated for 10 to 15 
s, boiled for 5 min at 95°C and centrifuged at 
15,000g for 10 min at 4°C. After the protein 
concentration was measured, the supernatant 
was boiled again with 5% β-mercaptoethanol 
and 2% glycerol, and subjected (30 μg/lane) to 
SDS-PAGE (4% to 20%). Western blot analyses 
were performed using the following antibodies: 
rabbit polyclonal anti-SUMO-2/3 antibodies 
(1:1000) (Cell Signaling Technology, Beverly, 
MA, USA), rabbit polyclonal anti-human SENP 
antibodies (1:1000) (Cell Signaling Technology, 
Beverly, MA, USA), mouse monoclonal anti-
Ubc9 (1:500) (Santa CruzBiotechnology, 
SantaCruz, CA, USA), rabbit polyclonal anti-Bax 
(1:1000), anti-Bcl-2 (1:1000) and anti-Cleaved 
Caspase-3 (1:1000) antibodies (Cell Signaling 
Technology, Beverly, MA, USA) and mouse 
monoclonal β-actin antibodies (1:1000) 
(ABCAM, Cambridge, MA, USA). The band inten-
sity was quantified by densitometry using 
ImageJ (NIH). For SUMO conjugate band analy-
sis, the entire lane in the range (11 to 250 kDa) 
was sampled. For each structure (cortex and 
hippocampus), SACP groups (flow rate at 20 
ml/kg/min and 50 ml/kg/min) were compared 
to control group not exposed to DHCA and SACP 
on the same Western blot to avoid any differ-
ences in signal intensity due to exposure times, 
etc. The same blots were then re-probed with 
β-actin antibody as an internal control to ensure 
equal protein loading in all lanes.

Statistical analysis

Data are presented as Means ± SD. Statistical 
analysis was performed using Statistical 
Package for the Social Science (SPSS, version 
17.0). Statistical significant differences among 
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groups were evaluated by analysis of variance 
(ANOVA), followed by Fisher’s protected least-

significant differences test. The p values < 0.05 
was considered significant.

Figure 1. Marked activation of small ubiquitin-like modifier (SUMO) 2/3 conjugation during deep hypothermia cir-
culatory arrest and marked reduction of the degree of increase of SUMO2/3 conjugation in selective antegrade 
cerebral perfusion, especially at flow rate of 50 ml/kg-1/min-1. The pattern of protein SUMOylation was evaluated 
by Western blot analysis in samples taken from the hippocampus and cerebral cortex, as described in Materials and 
methods. A. SACP-induced changes in the pattern of protein modification with SUMO2/3 in samples derived from 
the hippocampus. β-Actin served as loading control. B. SACP-induced changes in the pattern of protein modification 
with SUMO2/3 in samples derived from the cerebral cortex. C. Quantification of SUMO2/3 conjugation intensi-
ties of the higher molecular weight area above 50 kDa region after SACP in the hippocampus. D. Quantification of 
SUMO2/3 conjugation intensities of the higher molecular weight area above 50 kDa region after SACP in the cere-
bral cortex. E. SACP induces a moderate depletion of free SUMO2/3 protein levels in the hippocampus comparing 
to DHCA. F. SACP induces a moderate depletion of free SUMO2/3 protein levels in the cerebral cortex comparing to 
DHCA. Quantification data are presented as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 compared to control 
group, ##p < 0.01, ###p < 0.001 compared to DHCA group (ANOVA, followed by Fisher’s protected least-significant 
difference (PLSD) test).
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Results

Effects of SACP on total levels of protein 
SUMO2/3 conjugation

SACP-induced changes in SUMO2/3 conjuga-
tion and free SUMO2/3 are shown in Figure 1A 
and 1B. A moderate increase in SUMO2/3 con-
jugation (higher molecular weight area above 
50 kDa region) occurred in the SACP animals 
and a marked increase in SUMO2/3 conjuga-
tion occurred in the DHCA animals (Figure 1A 
and 1B). Level of SUMO2/3-conjugated pro-
teins increased approximately 2.8 ± 0.4-fold 
and 3.5 ± 0.6-fold in the hippocampus and cor-

tex in DHCA group, respectively, but in SACP 25 
and SACP 50 group, the degree of increase of 
SUMO2/3 conjugation is moderate, just 2.4 ± 
0.4-fold and 2.5 ± 0.7-fold, 1.8 ± 0.2-fold and 
1.9 ± 0.5-fold in the hippocampus and cortex, 
respectively, compared to control group (Figure 
1C and 1D). Free SUMO2/3 molecular (molecu-
lar weight area about 11kDa) levels decrease 
markedly after DHCA, to 31.4 ± 5.4% and 38.3 
± 5.6% in the hippocampus and cortex, but in 
SACP 25 and SACP 50 group, the depleting 
degree of free SUMO2/3 is moderate, just 58.9 
± 6.1% and 52.4 ± 8.9%, 65.3 ± 6.3% and 66.2 
± 6.1% in the hippocampus and cortex, respec-
tively, compared to control group (Figure 1E 

Figure 2. Expression levels of Ubc9 and SENP. The pattern of Ubc9 and SENP was evaluated by Western blot analy-
sis in samples taken from the hippocampus and cerebral cortex, as described in Materials and methods. A, B. SACP-
induced changes in the pattern of Ubc9 and SENP in samples derived from the hippocampus and cortex. β-Actin 
served as loading control. C, D. Quantification of Ubc9 intensities after SACP in the hippocampus and cerebral 
cortex. E, F. Quantification of SENP intensities after SACP in the hippocampus and cerebral cortex. Quantification 
data are presented as means ± SD. *p < 0.05, ***p < 0.001 compared to control group, ##p < 0.01, ###p < 0.001 
compared to DHCA group (ANOVA, followed by Fisher’s protected least-significant difference (PLSD) test).
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and 1F). These data indicate that SUMO2/3 
conjugation was activated even after DHCA, 
and the degree of increase of SUMO2/3 conju-
gation was reduced in SACP group for providing 
the regional cerebral blood flow during DHCA, 
especially at flow rate of 50 ml/kg/min.

Effects of SACP on total levels of Ubc9 and 
SENP

We observed that DHCA induced a marked 
increase in Ubc9 protein levels in the hippo-
campus (296.3% ± 20.2% of control; p < 0.001) 
and cortex (231.5% ± 13.3% of control; p < 

0.001) (Figures 2C and 2D) and a marked 
decrease in SENP levels in the hippocampus 
(46.3% ± 8.4% of control; p < 0.001) and cortex 
(39.9% ± 7.2% of control; p < 0.001) (Figure 2E 
and 2F). SACP at flow rate 50 ml·kg-1·min-1, in 
contrast, induced moderate increase in Ubc9 
protein levels in the hippocampus (135.7% ± 
19.7% of control; p < 0.001) and cortex (113.5% 
± 15.8% of control; p < 0.001) (Figure 2C and 
2D) and a moderate decrease in SENP levels in 
the hippocampus (88.4% ± 5.2% of control; p < 
0.001) and cortex (87.2% ± 9.2% of control; p < 
0.001) (Figure 2E and 2F). 

Figure 3. Expression levels of Bax and Bcl-2. The pattern of Bax and Bcl-2 was evaluated by Western blot analysis 
in samples taken from the hippocampus and cerebral cortex, as described in Materials and methods. A, B. SACP-
induced changes in the pattern of Bax and Bcl-2 in samples derived from the hippocampus and cerebral cortex, 
respectively. β-Actin served as loading control. C, D. Quantification of Bax intensities after SACP in the hippocampus 
and cerebral cortex, respectively. E, F. Quantification of Bcl-2 intensities after SACP in the hippocampus and cerebral 
cortex, respectively. Quantification data are presented as means ± SD. ***p < 0.001 compared to control group, #p 
< 0.05, ###p < 0.001 compared to DHCA group (ANOVA, followed by Fisher’s protected least-significant difference 
(PLSD) test).
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Effect of SACP on expression of Bcl-2 and Bax

Expression of Bax and Bcl-2 in the cortex and 
hippocampus of piglet brain is shown in Figure 
3. As can be seen, SACP, especially at flow rate 
of 50 ml/kg/min, compared to DHCA group, 
decreased Bax expression and increased Bcl-2 
expression in hippocampus and cortex. In the 
hippocampus, Bax expression in the SACP 50 
group and DHCA group was 127.6 ± 18.1 ver-
sus 273.8 ± 25.3 (p < 0.001). In the cortex, Bax 
expression in the SACP 50 group and DHCA 
group was 124.1 ± 17.0 versus 261.7 ± 19.4 (p 
< 0.001) (Figure 3C and 3D). Similarly, in the 
hippocampus, Bcl-2 expression in the SACP 50 
group and DHCA group was 71.0 ± 9.9 versus 
35.9 ± 5.7 (p < 0.001). In the cortex, Bcl-2 
expression in the SACP 50 group and DHCA 
group was 57.8 ± 7.7 versus 36.0 ± 4.9 (p < 
0.001) (Figure 3E and 3F).

Effects of SACP on expression of caspase-3

Expression of caspase-3 in the hippocampus 
and cortex of piglet brain is shown in Figure 4. 
As can be seen, SACP, especially at flow rate of 
50 ml·kg-1·min-1, compared to DHCA group, 
decreased caspase-3 expression in hippocam-
pus and cortex. In the hippocampus, caspase-3 

expression in the SACP 50 group and DHCA 
group was 124.0 ± 18.8 versus 272.9 ± 23.9 
(P < 0.001) (Figure 4C). In the cortex, cas-
pase-3 expression in the SACP 50 group and 
DHCA group was 186.6 ± 29.3 versus 309.2 ± 
17.4 (P < 0.001) (Figure 4D).

Discussion

The potential of selective antegrade cerebral 
perfusion to protect brain from damage induced 
by deep hypothermic and circulatory arrest is 
well established. However, the mechanisms 
underlying brain protection by selective ante-
grade cerebral perfusion still need to be estab-
lished. John Hallenbeck and his colleagues had 
first reported that deep hypothermia induced a 
massive activation of SUMO conjugation during 
hibernation in ground squirrels. They conclud-
ed that activation of protein SUMOylation may 
help brain cells to survive the otherwise lethally 
low levels of blood flow reduction during the 
state of hibernation. This assumption was 
proved by the observation that SUMO over-
expression made SHSY5Y cells in culture more 
tolerant to transient oxygen/glucose depriva-
tion [14]. To investigate the effects of deep 
hypothermia on the small ubiquitin-like modifi-
er (SUMO) conjugation pathway, Wulf Paschen 

Figure 4. Expression levels of caspase-3. The pattern of caspase-3was evaluated by Western blot analysis in sam-
ples taken from the hippocampus and cerebral cortex, as described in Materials and methods. A, B. SACP-induced 
changes in the pattern of caspase-3 in samples derived from the hippocampus and cerebral cortex, respectively. 
β-Actin served as loading control. C, D. Quantification of caspase-3 intensities after SACP in the hippocampus and 
cerebral cortex respectively. Quantification data are presented as means ± SD. ***p < 0.001 compared to control 
group, ###p < 0.001 compared to DHCA group (ANOVA, followed by Fisher’s protected least-significant difference 
(PLSD) test).
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using a clinically relevant animal model of deep 
hypothermic cardiopulmonary bypass found 
that a dramatic nuclear translocation of Ubc9 
and activation of nuclear SUMO2/3 conjuga-
tion induced by deep hypothermia [15]. Recent 
study found that the post-ischemic activation of 
SUMO2/3 conjugation is believed to be an 
endogenous neuroprotective stress response 
[21]. So we studied the neuroprotective role of 
selective antegrade cerebral perfusion on 
SUMO2/3 conjugation events.

Our results demonstrate that 1 h deep hypo-
thermic circulatory arrest induced a marked 
activation of the SUMO2/3 conjugation, and 1 
h selective antegrade cerebral perfusion, espe-
cially at flow rate of 50 ml/kg/min providing a 
continuous cerebral blood flow during circula-
tory arrest, induced less-activation of the 
SUMO2/3 conjugation. Free SUMO2/3, in con-
trast, markedly decreased after deep hypother-
mic circulatory arrest when SUMO2/3 conjuga-
tion was massively increased. But in SACP 
group, free SUMO2/3 moderately decreased 
when SUMO2/3 conjugation was moderately 
increasing. These results are broadly consis-
tent with studies indicating that SUMO-2/3 con-
jugation to proteins is massively increased in 
the brains of rats during deep hypothermia 
(18°C) for 1 h [15] and free SUMO2/3 is mark-
edly decreased after ischemia [19, 20].

SUMO2/3 conjugation is considered playing an 
important role in the cellular response to the 
metabolic stress induced by interruption of the 
blood supply. Preconditioning, as a sublethal 
insult protecting brain from a subsequent, nor-
mally harmful, ischemia event, block the 
SUMO2/3 conjugation following harmful isch-
emia [25]. It suggests that protective factor, 
such as preconditioning ischemia and hypo-
thermia pre-conditioning, protecting the brain 
from ischemic injury could reduce SUMO2/3 
conjugation level. In other words, the degree of 
SUMO2/3 conjugation maybe correlated with 
the degree of brain injury. In our study, we found 
that selective antegrade cerebral perfusion, as 
a neuroprotective method, providing adequate 
cerebral blood flow during DHCA also blocks 
the SUMO2/3 conjugation following circulatory 
arrest, especially SACP at flow rate of 50 ml/
kg/min. Our results imply that SUMO2/3 conju-
gation level in SACP 50 group is less than that 
in SACP 25 group. It has been known that acti-
vation of the apoptotic cascade plays an impor-

tant role in DHCA neuronal death [26]. In this 
piglet model of brain injury, we found that SACP, 
especially at flow rate of 50 ml/kg/min, reduc-
es pro-apoptotic factors, Bax and Caspase 3, 
and increases anti-apoptotic factors, Bcl-2, 
both in the hippocampus and cerebral cortex. 
So SACP at flow rate of 50 ml/kg/min is more 
appropriate for neuroprotection during DHCA in 
the pig model.

SUMO modification is a dynamic process involv-
ing both conjugation and deconjugation 
enzymes. SUMO modification also is a complex 
reversible process, thus increased SUMOylation 
occurs from either acceleration (activation) of 
the conjugating process or inhibition of the 
deconjugating process [27]. Ubc9 is the only 
SUMO conjugating enzyme and deconjugation 
of SUMO from sumoylated proteins are carried 
out by the SENP. So when SUMO conjugation 
increases, level of the SUMO-conjugating 
enzyme, Ubc9, should increase and level of the 
SUMO-deconjugating enzyme, SENP, should 
decrease. In our study, we found that SUMO2/3 
conjugation is massively increased induced by 
DHCA both in the hippocampus and cortex 
coinciding with an increased in Ubc9 protein 
levels and a decreased in SENP protein levels. 
In SACP group, especially at flow rate of 50 
ml·kg-1·min-1, the increasing degree of SUMO2/3 
conjugation and Ubc9 and the decreasing 
degree of SENP is more moderate both in the 
hippocampus and cortex compared to DHCA 
group. These results are similar to the previous 
study [14]. They found that the expression lev-
els of Ubc9 are closely correlated with SUMO 
conjugation levels in the brain during hiberna-
tion (an environmental chamber maintained at 
4°C to 5°C) in ground squirrels. But the study 
found that after transient cerebral ischemia, 
protein SUMOylation by SUMO2/3 both in the 
hippocampus and cerebral cortex is massive 
increased, but Ubc9 protein levels do not 
change in the hippocampus and transiently 
decrease in the cortex [13]. One plausible 
explanation for these different observations 
could be because of the use of different factors 
resulting in the cerebral injury.

A number of recent publications have suggest-
ed that the sumo conjugation of target proteins 
plays a role in the cellular response to ischemia 
and is markedly activated in the brain during 
deep to moderate hypothermia. In our study, 
we find that DHCA markedly activates apoptotic 
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cascade and results in massive SUMO2/3 con-
jugation, but in SACP group, these events more 
moderately. SUMOylation changes the stability, 
localization, and activity of proteins. Many of 
the SUMO2/3 conjugation target proteins 
identified so far are transcription factors and 
other nuclear proteins. It is clear that many pro-
teins, such as ion channel, receptor, signal 
pathway, etc. involve in the mechanism of brain 
injury and brain protection during DHCA and/or 
SACP. We speculate that comparing the differ-
ent level of proteins SUMO2/3-ylation between 
DHCA and SACP could help to find out the tar-
get proteins of SUMO2/3 modification. To iden-
tify the SUMO2/3 conjugation target proteins 
could help to design new strategies for preven-
tive and therapeutic interventions to reduce 
neurologic morbidity induced by DHCA.
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